Spontaneous water imbibition into gas-saturated rocks is an important physical process during water injection into highly fractured petroleum and geothermal reservoirs. Few methods, however, are available for characterizing the process of spontaneous water imbibition into gas-saturated rocks. To this end, a method has been developed. Water relative permeability and capillary pressure can be calculated separately from water imbibition data using this method. A linear relationship between imbibition rate and the reciprocal of the gas recovery by spontaneous water imbibition was found and confirmed both theoretically and experimentally, even at different initial water saturations. The effect of initial water saturation on imbibition rate, residual gas saturation, and the gas recovery has been investigated. There was almost no effect of initial water saturation on residual gas saturation by spontaneous water imbibition. The higher the initial water saturation, the lower the water imbibition rate and the ultimate gas recovery. It was found that the capillary pressure did not vary with initial water saturation in a certain range. The capillary pressure calculated using the new method was approximately equal to the values measured using an X-ray CT technique in a glass-bead pack. The computed water relative permeability was consistent with published experimental results. The method developed in this paper is also of importance for scaling-up experimental data.
Introduction
A lot of oil and gas reservoirs are being developed by water injection or associated with active aquifers. The reinjection of produced water into geothermal reservoirs, which are usually highly fractured, is also a practical solution to the problems of reservoir pressure decline and environment pollution.
Spontaneous water imbibition phenomena exist in most of these reservoirs except those that are not water-wet; it is an important process driven by capillary forces. The study of spontaneous water imbibition is essential to predict the production performance in these reservoirs developed by water flooding, especially in highly stratified formations and fractured reservoirs where the amount and rate of mass transfer between the matrix and the fracture influence the recovery and the production rate [1] [2] [3] [4] [5] . Another significance is to determine the wettability of the rock-fluid systems from the spontaneous water imbibition measurents 6 . Since the spontaneous imbibition is a capillary pressure dominated process, the imbibition rate is significantly dependent on the properties of the porous media, fluids, and their interactions. These include permeability 7 and relative permeability of the porous media, pore structure, matrix sizes, shapes and boundary conditions 2, 5, [8] [9] , fluid viscosities 7, [10] [11] , initial water saturation [12] [13] [14] [15] , the wettability of the rock-fluid systems [6] [7] , and the interfacial tension between the imbibed phase and the resident phase 7, 16 . Most of the studies in the literature focused mainly on oil-water-rock systems. There are a lot of naturally fractured gas reservoirs positioned over active aquifers 17 . The water coning in these gas reservoirs often results in excessive water production, which may kill a well or severely curtail its economic life due to water handling costs 18 . The understanding of the mechanisms that govern spontaneous water imbibition in gas-water-rock systems is important to the development of naturally fractured gas reservoirs with active aquifers [17] [18] [19] . Few methods, however, are available for characterizing the process of spontaneous water imbibition into gas-saturated rocks. The method used usually is the Handy equation 20 , that is, the weight or the volume of the imbibed water is proportional to the square root of the imbibition time: where A and N wt are the cross-section area of the core and the volume of water imbibed into the core, respectively; I is the porosity, P w is the viscosity of water and t is the imbibition time; k w , P c , S wf are usually defined as the effective
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Characterization of Spontaneous Water Imbibition into Gas-Saturated Rocks Kewen Li, SPE, and Roland N. Horne, SPE, Stanford University permeability of water, the capillary pressure, and the water saturation 13, 20 . These definitions of k w , P c , and S wf may not be physically clear. For example, is S wf the water saturation behind or in front of the water imbibition front? From the derivation of Eq. 15, it will be known that S wf is the water saturation behind the imbibition front. k w is the effective permeability of water phase at a water saturation of S wf . Similarly, P c is the capillary pressure at S wf . Now, clear definitions are given to the parameters expressed in Eq. 1.
There are three main disadvantages to using the Handy equation 20 to characterize spontaneous water imbibition. First, effective water permeability and capillary pressure can not be calculated separately from the spontaneous water imbibition test. Secondly, the straight line between the square of weight gain and the imbibition time often does not go through the origin, as it is supposed to. Thirdly, the relationship between the square of weight gain and the time is not a straight line during the later period of water imbibition, or even in the early period in some cases. Additionally, the amount of water imbibed into porous media is infinite when imbibition time approaches infinity, which is physically impossible.
Aronofsky et al. 1 suggested an empirical form of the function of time relative to production from the matrix volume:
where K is the recovery in terms of recoverable resident fluid by water imbibition, O is a constant giving the rate of convergence, and t is the production time.
As pointed out by Kazemi 22 showed that it was difficult to draw up the relationship between the recovery and dimensionless time using Eq. 2.
Schechter and Guo 23 used a similar empirical equation to fit the experimental data of water imbibition in oil-saturated rocks:
where t D is the dimensionless time, defined as follows 23 :
here k is the rock permeability, V is the interfacial tension between oil and water, T is the contact angle, P m is the geometric mean of water and oil viscosities and L c is the characteristic length and defined as follows (5) where V is the bulk volume of the matrix, A i is the area open to imbibition at the ith direction, and X Ai is the distance traveled by the imbibition front from the open surface to the no-flow boundary.
The scaling group in Eq. 4 was modified from Mattax and Kyte 2 , Ma et al. 24 , Gupta and Civan
25
. Ma et al. 24 proposed the application of the geometric mean of the oil and water viscosities to the scaling group instead of only the water viscosity suggested by Mattax and Kyte 2 . Gupta and Civan 25 included the contact angle in the scaling group of the dimensionless time. Eq. 4 was verified experimentally by Zhang et al. 9 in oil-water-rock systems but not confirmed yet in gas-liquid-rock systems. Eq. 5 was modified from the shape factor suggested by Kazemi et al. 5 The main disadvantage of Aronofsky et al. 1 -based functions is that the effective permeability or the relative permeability of water and capillary pressure may not be inferred from the experimental imbibition data.
In this paper, a function has been derived to characterize the physical process of spontaneous water imbibition into airsaturated rocks. A linear relationship between the water imbibition rate and the reciprocal of the gas recovery by spontaneous water imbibition was found and confirmed both theoretically and experimentally, even at different initial water saturations. Based on this, a method has been developed to calculate separately the capillary pressure and the relative permeability of water phase at the water saturation behind the imbibition front from the spontaneous water imbibition data. The calculated capillary pressure and relative permeability were close to those measured experimentally. A lot of experiments of spontaneous water imbibition into air-saturated porous media (glass-bead pack and Berea sandstone) have been conducted at room temperature. The effect of initial water saturation on imbibition rate, residual gas saturation, and the gas recovery has been investigated.
Theory
The function for characterizing the imbibition process of water into gas-saturated rocks is derived in this section. Assuming Darcy's law during the process of spontaneous water imbibition that occurs vertically upward in a core with a certain value of initial water saturation, including the zero initial water saturation, the water imbibition velocity along the core sample is expressed as follows:
where v w is the flowing velocity of water phase; U w is the water density; p w is the pressure of water phase at the position x. From the definition of capillary pressure, the pressure of water phase can be calculated:
Substituting Eq. 7 into Eq. 6: (8) where p g is the pressure of gas phase. During the water imbibition, gas mobility is usually much greater than water mobility. If gas mobility is assumed to be infinite, the gas pressure gradient is estimated as:
………………..…………… …………… (9) where U g is the gas density. Substituting Eq. 9 into Eq. 8:
where 'U is the density difference between gas and water. Schembre et al. 13 and Akin and Kovscek 26 used the X-ray CT method to monitor the process of water imbibition into airsaturated rocks that were assembled vertically upward; and reported that the CT images of diatomites and chalk showed a homogeneous and piston-like water front during the water imbibition. Our experimental results also showed that water imbibition would be a piston-like flow process. Based on these experimental observations, we may assume that water imbibes into air-saturated rocks in a piston-like manner at certain cases. In a piston-like imbibition flow, the following equation holds: Substituting Eq. 11 into Eq. 10:
Assumed that the distribution of initial water saturation in the porous medium is homogeneous, the accumulated volume of water imbibed into the core with initial water saturation can be calculated as follows: (13) where S wi is the initial water saturation in the core. The water imbibition rate Q w is equal to Av w . Therefore, Eq. 12 can be expressed as:
Substituting Eq. 13 into Eq. 14:
where: (18) where L and V p are the core length and the pore volume of the core sample, respectively; K is the gas recovery by water imbibition in terms of pore volume. Eq. 15 may be appropriate for cocurrent spontaneous water imbibition into gas-saturated rocks with a piston-like imbibition front. There is a linear relationship between the rate of the spontaneous water imbibition and the reciprocal of the gas recovery by water imbibition according to Eq. 15. This straight line is not forced to go through the origin; the value of the intersection point of this line on the axis of water imbibition rate should be negative. When the imbibition time approaches infinity, the reciprocal of the gas recovery approaches a finite value at which the water imbibition rate has a value that depends on the ratio of gravity and capillary pressure gradients. Therefore, Eq. 15 avoids the infinite-value problem associated with Eq. 1.
From Eq. 15, we can see clearly the factors that affect water imbibition rate. These include the effective permeability (permeability and relative permeability), matrix size, capillary pressure (which is controlled by porosity, permeability, interfacial tension, and wettability), fluid viscosity, difference of density between gas and water (gravity), S wf (which is influenced by permeability, pore structure, wettability, etc.), and initial water saturation.
Eq. 15 may be reduced to Eq. 1, the Handy function 20 , when the gravity force is neglected. Our experimental results showed that gravity force can not be neglected in a lot of cases, depending on the ratio of gravity gradient and the capillary pressure gradient.
Based on Eqs. 16 and 17, capillary pressure can be calculated:
The values of a and b in Eq. 19 can be calculated from the plot of imbibition rate and the reciprocal of the gas recovery. S wf can be measured during the water imbibition test. Therefore, we can compute capillary pressure using Eq. 19. According to Eq. 17, the effective water permeability at the water saturation of S wf can be computed as follows:
A great challenge in characterizing imbibition behavior in gasliquid systems was to calculate the effective water permeability k w and capillary pressure P c separately. The method (Eqs. 19 and 20) developed here provides a solution to this problem.
Experiments
Fluids. Air was used as the gas phase and distilled water as the liquid phase in this study since the clay in the Berea sandstone core was deactivated by firing.
Core Samples. Two types of porous medium samples were used in this study. One was unconsolidated (glass-bead pack) and another was consolidated (Berea sandstone). The 90 mesh glass-bead pack had a gas permeability of about 25.7 darcy measured by nitrogen at a flow rate of 200 ml/min; its porosity was about 38.6 %; its length and diameter were 29.5 cm and 3.4 cm. The Berea sandstone sample had a permeability of around 1200 md and a porosity of about 24.5%; its length and diameter were 43.5 cm and 5.06 cm. The Berea sandstone sample was fired at a temperature of about 400 o C to stabilize the clay in the core sample.
Apparatus. The structure of the glass-bead pack used in this study is shown in Fig. 1 . It is known on the basis of the method that we developed in the last section that the effect of the sample cross-section area at the bottom on imbibition rate is significant (see Eqs. 15 and 16). In other words, the imbibition area of water should be equal to the cross-sectional area of the rock or the glass-bead sample. Experimentally, it has been found (Schembre et al. 13 ) that there was a cone-shape distribution of water saturation at the bottom of a rock sample when water was introduced using a small tubing. This type of heterogeneous distribution of water would cause an error in calculating the effective water permeability and capillary pressure. Therefore, it is important to design the structure of the glass-bead pack to enable all the bottom part of the sample to be open to water. For this purpose, a lot of holes were drilled at the bottom of the glass cylinder, as shown in Fig. 1 . In order to distribute the water more uniformly at the bottom of the glass-bead pack, a piece of filter paper was placed at the bottom.
A schematic of the apparatus to conduct water imbibition tests in air-saturated porous media is shown in Fig. 2 . The glass-bead pack sample was hung under a Mettler balance (Model PE 1600) which had an accuracy of 0.01g and a range from 0 to 1600 g. The water imbibed into the core sample was recorded in time by the balance using an under-weighing method and the real-time data were measured continuously by a computer through an RS-232 interface. The purpose of using the under-weighing method is to reduce the experimental error caused by water evaporation. Since the Berea sandstone sample used in this study was long and its weight was beyond the range of the Mettler balance, another balance (Sartorius, Model BP6100) with a larger capacity was used for the imbibition tests. This balance had an accuracy of 0.1g and a range from 0 to 6100 g.
The sample was not in contact with the water until the imbibition tests began. The water level in the container could be adjusted by raising or lowering the container using the adjustable jack under it. The data acquisition software used was LabView 4.1 by National Instrument Company.
The X-ray CT scanner used in this study for measuring the distribution of water saturation along the core was a Picker TM 1200 SX X-ray CT scanner with 1200 fixed detectors. The voxel dimension is 0.5 mm by 0.5 mm by 5 mm, the tube current used in this study was 50 mA, and the energy level of the radiation was 140 keV. The acquisition time of one image is about 3 seconds while the processing time is around 40 seconds.
The apparatus developed by Li and Horne 27 for measuring steady-state gas-water relative permeabilities was used to establish certain initial water saturation in the Berea sandstone; a schematic is shown in Fig. 3 . The value of water relative permeability calculated using Eq. 20 was compared with that measured by Li and Horne 27 using a steady-state technique.
We could use the apparatus shown in Fig. 3 to establish a certain value of initial water saturation in the core samples either by single-phase gas flooding or two-phase gas-water simultaneous flooding. This will be discussed later in more details.
Procedure. The samples were dried by heating to a temperature of 105 o C until their weight did not vary during eight hours or more. The glass-bead pack was assembled in the apparatus after it was cooled down, as shown in Fig. 2 . The Berea sandstone sample was wrapped with heat-shrink tubing in order to avoid the water evaporation from the side surface of the core sample. Two end plates were installed at the inlet and outlet of the core for fluid injection and production. Following that, the Berea sandstone was installed in the apparatus shown in Fig. 2 . Water started to imbibe into the core once the bottom of the sample was brought in contact with the water surface by raising the water container. The weight change of the core sample was then recorded in time and used to calculate the effective permeability of water phase and the capillary pressure.
After the water imbibition test at zero initial water saturation for the Berea sandstone, the core was installed in the apparatus shown in Fig. 3 for the establishment of initial water saturation. The average water saturation in the core was monitored using the balance under the core system; the distribution of water saturation was then measured using the CT scanner from time to time. When the magnitude and the distribution of the water saturation in the core were satisfactory, the core was assembled in the apparatus shown in Fig. 2 to do the water imbibition test at this initial water saturation.
An X-ray CT scan was made at each centimeter along the sample that was positioned vertically before and after each water imbibition test. Finally, the sample was dried and another X-ray CT scan was made after completely resaturating with water. The CT values measured under three different states were used to calculate the porosity and the distribution of the water saturation as a function of height.
The procedure for the Berea sandstone was repeated at four different values of initial water saturation to study the effect of initial water saturation on the behavior of spontaneous water imbibition.
Results
We conducted spontaneous water imbibition tests in both unconsolidated (glass-bead pack) and consolidated porous media (Berea sandstone) at room temperature. The experimental results and analysis are presented in this section.
Glass-Bead Pack. Fig. 4 plots the amount of water imbibition into the glass-bead pack as a function of time. Fig. 5 shows that the relationship between the water imbibition rate and the reciprocal of the gas recovery in the glass-bead pack is linear over a certain period of imbibition process, as prescribed by the theory developed in this study (Eq.15). The linearity implies that the water imbibition front may be piston-like as it was assumed and as described previously by Schembre et al. 13 . We did observe the piston-like water imbibition front visually in the glass-bead pack during the early period of water imbibition. Another important feature shown in Fig. 5 is that the straight line does not go through the origin, as foreseen by Eq. 15. This feature demonstrates that the effect of the gravity force can not be neglected to characterize the process of spontaneous water imbibition in this glass-bead pack.
At the initial stage of water imbibition, it is usually difficult to measure accurately the amount of water imbibed into the glass-bead pack or rock due to the influence of the buoyancy caused by inserting the sample into the water. There might be some error although the effect of buoyancy on the data was calibrated by weighing the sample after the water imbibition test. When the imbibition front reached a certain height in the glass-bead pack, the imbibition process might not be a capillary pressure-dominated process as we assumed in the mathematical derivation. The reason is that the effect of the gravity on the imbibition process increases with the increase of the height of the imbibition front. The water imbibition may be transferred from piston-like to diffusiontype. Eq. 15 is not appropriate to diffusion-type imbibition. This may explain why the relationship between the water imbibition rate and the reciprocal of production in a glass-bead pack shifts from the main trend at late time as shown in Fig. 5 .
The relationship between the water gain and the square root of imbibition time in the glass-bead pack is shown in Fig.  6 . The time interval in Fig. 6 is about the same as that corresponding to the linear section of the relationship in . There is a linear section during the first 2 or 3 minutes of imbibition (see Fig. 6 ), but the line does not go through the origin, as it is supposed to. This phenomenon may be brought about by gravity.
According to Eq. 15, if a linear relationship does exist experimentally between water imbibition rate and the reciprocal of the gas recovery, the water saturation behind the imbibition front, S wf , should be constant at different imbibition time. This implies that there is a section near the bottom of the sample but above the water contact level (see Fig. 2 ) where the water saturation does not change with the height. This can be confirmed by the saturation results measured by the X-ray CT scanner.
With the application of the method developed in this study (Eqs. 15 and 19), the imbibition capillary pressure at the water saturation behind the imbibition front calculated using the linear relationship shown in Fig. 5 is about 9.5 cm (water column). We will compare this value to the capillary pressure measured in the glass-bead pack using the X-ray CT technique.
Now we discuss the experimental results of the capillary pressure curve measured in the glass-bead pack. Hamon and Vidal 28 reported that sample heterogeneity affected the water imbibition behavior in oil-water-rock systems. Therefore, the distribution of the porosity of the glass-bead pack from the bottom to the top was measured using the X-ray CT technique, which is shown in Fig. 7 . The average porosity measured by the X-ray CT method was about 38.0%, which was consistent with the value of 38.6% measured by weighing the glass-bead pack before and after it was saturated with water. Fig. 7 shows that the glass-bead pack is homogeneous except a small part at the top. It will be demonstrated later that the water was not imbibed to this part.
The distribution of CT values before and after the water imbibition test is shown in Fig. 8 . CT dry in this figure represents the CT value of the glass-bead pack when the sample is air-saturated and CT objective represents the CT value after the water imbibition was finished. The height in the pack at the point where the value of CT dry is equal to the value of CT objective should stand for the capillary pressure at near zero water saturation (see Fig. 8 ). So the capillary pressure at near zero water saturation in the glass-bead pack is about 20 cm of water column.
It was assumed that the balance between the gravity force and the capillarity force was reached at any position along the glass-bead pack after the water imbibition was finished. Therefore, the capillary pressure at any position in the glassbead pack was equal to the gravity force at the same position, which is the water column height at this point. The corresponding water saturation at this position was measured using the X-ray CT technique. The air-water imbibition capillary pressure curve of the glass-bead pack measured using this method is plotted in Fig. 9 . The air-water imbibition capillary pressure at zero water saturation is about 20 cm (water column). We can see from Fig. 9 that the air-water capillary pressure at the water saturation behind the imbibition front (actually the maximum water saturation), P c (S wf ), is about 10 cm (water column). Therefore, the capillary pressure calculated using Eq. 15 is approximately equal to that measured using the X-ray CT method at the same water saturation of S wf . This consistency proved the validity of the method developed in this paper to calculate the capillary pressure using spontaneous water imbibition data.
The capillary pressure curve shown in Fig. 9 has some important features. First, all the water saturation points at the capillary pressure less than P c (S wf ) have the same value. This is consistent with our prediction made previously, that is, there is a section near the bottom of the sample but above the water contact level where the water saturation does not change with the height. Secondly, the spontaneous water imbibition upward in a core with a length less than the water column height corresponding to P c (S wf ) may be piston-like and a linear relationship exists between the imbibition rate and the reciprocal of the gas recovery. This mechanism might be also applied to actual reservoirs. If water is injected into a reservoir with a height less than the water column height corresponding to P c (S wf ), there may be only one capillary pressure, P c (S wf ), that governs the process of water injection into the matrix.
Using the features of the capillary pressure curve in Fig. 9 , we may interpret why the water imbibition rate curve shown in Fig. 5 shifts from the main trend during the later period of water imbibition. When the capillary pressure is less than P c (S wf ) during the early period, water saturation behind the imbibition front is constant (see Fig. 9 ). Therefore, the effective permeability of water and the capillary pressure do not change with the imbibition time. According to Eqs. 15, 16, and 17, the slope and the intersection of the water imbibition rate curve are kept constant. When the capillary pressure is greater than P c (S wf ) at later time, water saturation behind the imbibition front decreases sharply along the sample with imbibition time. Therefore, the effective permeability of water phase decreases with the imbibition time. The capillary pressure does not increase much with the decrease of the water saturation (see Fig. 9 ). As a result, the water imbibition rate decreases with time at a different rate or gradient from that at the early period, which is shown in Fig. 10 . According to Eqs. 15, 16, and 17, the slope and the intersection of the water imbibition rate curve also vary with time or the reciprocal of the gas recovery, 1/K, in the later period of water imbibition (see Fig. 5 ). Fig. 10 shows that the water imbibition rate decreases much faster at early time than at later time in the glass-bead pack.
Berea Sandstone. Water imbibition tests at different initial water saturations were conducted in a fired Berea sandstone sample. The experimental results are discussed in this section.
The X-ray CT method was used to measure the distribution of porosity and the water saturation in the core. Fig. 11 shows the porosity distribution in the core. It can be seen that this core was homogeneous enough to be used to conduct water imbibition tests.
We first tried to establish initial water saturation in the core by injecting only air. The direction of air flow was varied by injecting alternately from each end of the core. This technique for establishing initial water saturation worked well in a 10 cm long sandstone core based on our experience. However, it was not clear whether it was suitable for a 43.5 cm long core sample. The distribution of water saturation (S w ) in the core is shown in Fig. 12 , which shows that the water saturation was not homogeneous at either of the two water saturation values. The values of S w shown in Fig. 12 are the average water saturations in the core measured by the X-ray CT method, which are consistent with the average water saturations measured using the weight change of the core before and after complete saturation by distilled water. Fig. 12 shows that it is almost impossible to establish a homogeneous distribution of initial water saturation in a long core by singlephase air injection. Therefore, we started to use a steady-state technique, that is, air and water were injected simultaneously into the core with a specific ratio of air to water flow rates using the apparatus shown in Fig. 3 . One of the established initial water saturation points is shown in Fig. 12 (solid  squares) . Compared with the distributions of initial water saturation established by single-phase (1-P) air injection, it can be seen that the two-phase (2-P) air-water simultaneous injection technique could establish a more homogeneous distribution of water saturation than single-phase air injection in the core.
Water imbibition tests were conducted after the initial water saturation in the core was established. The relationship of water gain vs. imbibition time is shown in Fig. 13 for different values of initial water saturation. The absence of initial water saturation between 0 and 38.6% was due to the difficulty in establishing the low initial water saturation with a homogeneous distribution in such a long core using either single-phase air or two-phase air-water injection method.
It can be seen from Fig. 13 that the amount of water imbibed into the core sample and the time that water gain reached the maximum value decreased with an increase of initial water saturation.
The water imbibition rate vs. the reciprocal of the gas recovery is shown in Fig. 14. This figure demonstrates that the relationship between the imbibition rate and the reciprocal of the gas recovery in a Berea sample is linear at different initial water saturations, as expected from the model developed in Eq. 15.
Linear regression was made for the relationship between the water imbibition rate and the reciprocal of the gas recovery at each initial water saturation point. The values of b are presented in Fig. 14 . The non-zero values of b show that the straight lines do not go through the origin. This implies that the effect of gravity can not be neglected in this core with a permeability of about 1200 md. Our recent experimental results have shown that the effect of gravity might not be neglected even in a core with a permeability of about 500 md. This might be interpreted using Eq. 15. The effect of gravity on imbibition rate may be neglected when the gravity gradient is small enough compared to the capillarity gradient at S wf according to Eq. 15. When the permeability of the core is low, S wf may be high and then P c (S wf ) may be low in the core. Therefore, the effect of gravity on water imbibition rate may not be neglected even in a core with low permeability. However, the effect of gravity on water imbibition rate may decrease with the permeability, which depends on other factors such as wettability.
Also shown in Fig. 14 is the effect of initial water saturation on the water imbibition rate. The higher the initial water saturation, the lower the imbibition rate. Note that the unit of the water imbibition rate here is g/min instead of GOIP/min. Schembre et al. 13 observed a similar phenomenon and stated that the imbibition in diatomite was relatively rapid when initial water saturation was low due to large capillary pressure. We will show later that the capillary pressure governing water imbibition does not change with initial water saturation in a certain range.
An interesting phenomenon observed in Fig. 14 is that the value (b) of the intersection of the straight line changed very little with initial water saturation. Actually, the value of b should be constant because it depends only on the effective water permeability (see Eq. 15) while the effective water permeability only depends on the water saturation behind the imbibition front that may not change with initial water saturation. The rock permeability is easy to measure; so the water relative permeability at this water saturation could also be calculated from the water imbibition test. The average effective water permeability calculated using the values of b shown in Fig. 14 was about 316 .8 md and the imbibition relative permeability of water was about 0.264; the corresponding residual gas saturation by spontaneous water imbibition was about 33.5%. These values are remarkably consistent with those measured by Li and Horne 27 , Horne et al. 29 using nitrogen-water in a Berea sandstone sample with almost the same permeability using a steady-state method. The residual gas saturation and the corresponding water relative permeability that Li and Horne 27 measured at the same temperature during the water imbibition circle were about 30% and 0.261, respectively. This consistency confirmed the validity of Eq. 15 and the method to compute the relative permeability of water phase at residual gas saturation from spontaneous water imbibition data.
At the initial water saturation of 49.6%, however, the relationship between the imbibition rate and the reciprocal of the gas recovery shown in Fig. 14 is not linear at earlier time. The reason for this phenomenon may be due to the heterogeneous distribution of initial water saturation in the core. The distribution of water saturation in the core before and after the water imbibition tests measured using the X-ray CT technique is plotted in Fig. 15 . For comparison, the distribution of water saturation in the core after water imbibition at different initial water saturations is also shown in this figure. The distribution of initial water saturation with a value of 49.6% was not homogeneous in the region near the bottom where the water imbibition started. It took more than 40 hours to establish the initial water saturation by simultaneous injection of air and water from the top of the core. The heterogeneous distribution of initial water saturation shown in Fig. 15 may be due to the capillary end effect in multiphase flow. The water saturation near the bottom region was about 63.6%, very close to the maximum water saturation (about 66.5%) that the imbibition could reach in this type of rock. This region with high water saturation might behave as a barrier for water imbibition, which could reduce the imbibition rate at the beginning of the imbibition process according to Eq. 15.
In order to avoid the barrier (formed by a high water saturation region) for water imbibition, air and water were injected simultaneously from the bottom of the core to establish the other initial water saturation. This idea was based on the observation in Fig. 15 that the distribution of water saturation at the position about 3 cm away from the outlet was very homogeneous. It can also be seen from Fig. 15 that the distributions of water saturation after imbibition at different initial water saturations from 0 to 57.6% were almost the same.
Note that only the points in the later period of water imbibition at the initial water saturation of 49.6% were used to do the linear regression to calculate the values of the slope and the intersection (see Fig. 14) . These values were used to calculate the corresponding capillary pressures using Eq. 15. The calculated capillary pressure vs. initial water saturation is plotted in Fig. 16 . Although there are only four points in Fig.  16 , we can see that the capillary pressure was not influenced significantly by the initial water saturation over a wide range from 0 to 57.6%. This may be explained as follows. It is the capillary pressure at the water saturation behind the imbibition front that controls the process of water imbibition instead of the capillary pressure at the water saturation in front of the imbibition front. The experimental results demonstrate that the water saturation behind the imbibition front was almost unaffected by the initial water saturation (see Fig. 15 ). Otherwise, the relationship between the water imbibition rate and the reciprocal of recovery shown in Fig. 14 would not be linear. For a given core, capillary pressure only depends on the water saturation. Therefore, the capillary pressure calculated using Eq. 15 does not change with the initial water saturation in the core.
The values of the maximum water saturation (S wmax ) that could be reached by the spontaneous water imbibition at different initial water saturations are shown in Fig. 17 . The maximum water saturation in the core by spontaneous water imbibition does not vary with initial water saturation; it depends on rock permeability, pore structure, interfacial tension between the two fluids, and wettability. Therefore, maximum water saturation by spontaneous water imbibition may be one of the important parameters to estimate the ability to inject water into reservoirs.
The gas recovery by spontaneous water imbibition is expressed as follows: (21) where K f is the ultimate recovery by spontaneous water imbibition. Since the maximum water saturation is not affected by the initial water saturation, the gas recovery decreases with the increase of initial water saturation based on Eq. 21, which is shown in Fig. 18 . Li and Firoozabadi 12 also observed this phenomenon for both oil and water imbibition in air-saturated rocks.
Discussion
Only one point of capillary pressure and relative permeability governs the spontaneous water imbibition into water-wet porous media according to the experimental results in this paper. This may be important to the reservoir engineering of water injection because the spontaneous water imbibition is a major physical process during water injection into highly fractured reservoirs. Knowing that spontaneous water imbibition depends on only one capillary pressure and relative permeability, we may just need to know one capillary pressure and relative permeability value for the matrix to do the corresponding reservoir engineering calculation. These two values could be obtained from water imbibition data.
There may be other significance to the fact that only one point of capillary pressure and water relative permeability govern the water imbibition behavior at different initial water saturations. Since only one point of capillary pressure and water relative permeability govern the water imbibition behavior, it may not be reasonable to infer the whole capillary pressure and relative permeability curves from the water imbibition tests in air-saturated rocks by using the technique of automatic history matching. This type of method has been often used in reservoir engineering. One common phenomenon in the application of automatic history matching to infer capillary pressure and relative permeability curves is multiple solutions. That only one point of capillary pressure and water relative permeability governs the water imbibition behavior may be one of the reasons for the multiple solution problem.
Conclusions
Based on the present work, the following conclusions may be drawn:
1. The relationship between the water imbibition rate and the reciprocal of the gas recovery is linear at different initial water saturations from 0 to 57.6% in Berea. This relationship might be used to characterize the spontaneous water imbibition into gas-saturated porous media.
2. A method has been developed to calculate separately the capillary pressure and the relative permeability of water phase at S wf from the imbibition data. The method has been confirmed experimentally in Berea and a glass-bead pack. The calculated capillary pressure and the relative permeability were nearly equal to those measured.
3. The effect of gravity on water imbibition behavior may not be neglected in gas-water-rock systems, even if the rock permeability is not very high.
4. The maximum water saturation by the spontaneous imbibition is almost unaffected by initial water saturation in Berea; the ultimate gas recovery decreases with the increase of initial water saturation.
5. The capillary pressure and the relative permeability governing the spontaneous water imbibition in Berea may not vary with S wi . Therefore, the water imbibition may be governed by only one point of capillary pressure and relative permeability. This may be of significant application to reservoir engineering.
6. It may be difficult, in certain cases, to infer unique curves of capillary pressure and relative permeability from imbibition data because there may be only one point of capillary pressure and relative permeability governing the spontaneous imbibition. Water Saturation (%) S w =60.2%, 1-P S w =49.4%, 1-P S w =57.6%, 2-P S wi =49.6%, Initial S wi =0.00%, After Imb. S wi =38.6%, After Imb. S wi =49.6%, After Imb. S wi =57.6%, After Imb. 
